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Abstract: There has been recent interest in the development of fluorescence microscopes that
provide high-speed volumetric imaging for life-science applications. For example, multi-z
confocal microscopy enables simultaneous optically-sectioned imaging at multiple depths over
relatively large fields of view. However, to date, multi-z microscopy has been hampered by limited
spatial resolution owing to its initial design. Here we present a variant of multi-z microscopy
that recovers the full spatial resolution of a conventional confocal microscope while retaining the
simplicity and ease of use of our initial design. By introducing a diffractive optical element in the
illumination path of our microscope, we engineer the excitation beam into multiple tightly focused
spots that are conjugated to axially distributed confocal pinholes. We discuss the performance of
this multi-z microscope in terms of resolution and detectability and demonstrate its versatility by
performing in-vivo imaging of beating cardiomyocytes in engineered heart tissues and neuronal
activity in c. elegans and zebrafish brains.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Microscopy systems that image multicellular environments over large three-dimensional (3D)
fields of view (FOVs) with high spatiotemporal resolution have become increasingly important in
the fields of life science [1]. Several approaches for fast volumetric imaging have been developed
over the past two decades to address this need [2].

One class of volumetric imaging approaches is based on the use of widefield microscopy,
which benefits from the capability of modern cameras to rapidly provide images with massive
pixel counts. Volumetric imaging with high spatiotemporal resolution can be achieved by fast
z-axis scanning [3–6], or alternatively by recording multiple focal planes simultaneously with
several cameras [7–9], or by focus splitting with a single camera using a diffractive optical
element [10–12], a specialized beamsplitter [13–15], or light-field detection [16–18]. However,
as is common with widefield microscopy, these approaches do not inherently provide optical
sectioning and are thus susceptible to the out-of-focus background, which can degrade image
contrast and SNR. Such image degradation can be mitigated by numerical post-processing
[19–23]. Alternatively, temporally coded light-sheet array microscopy [24] and point spread
function engineering with multiplane light-sheet microscopy [25] can provide parallelized 3D
imaging with improved depth resolution. However, background reduction remains compromised
when imaging in thick tissue owing to scattered light impinging on the camera sensor, which
limits the use of these techniques to weakly scattering or optically cleared tissues or sparsely
labeled samples.

Another class of volumetric imaging approaches is based on the use of laser scanning microscopy
(LSM), which includes confocal and multiphoton microscopy. These methods provide better
optical sectioning and image contrast by the physical rejection of out-of-focus background or
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by nonlinear excitation. Quasi-volumetric imaging can be achieved with nonlinear SLM by
extending the excitation focus, for example, with the use of a Bessel beam [26,27]. Alternatively,
quasi-instantaneous multiplane imaging can be achieved by spatiotemporal multiplexing of the
excitation focus [28,29]; however, this approach is technically complicated. We previously
showed that confocal microscopy can also be parallelized to achieve multiplane imaging with the
use of multiple detection foci, as opposed to multiple excitation foci, which we called multi-z
confocal microscopy. In point scanning geometries, the multiple detection foci can be produced
by multiple reflecting pinholes [30,31]. In line scanning geometries, they can be produced by
reflecting slits [32] or by rolling-shutter gating [14] (the former provides improved detection
efficiency per plane). Our implementations of multi-z microscopy were based on the use of an
extended excitation focus produced by underfilling the objective back aperture to achieve low-NA
illumination. While simple, this strategy leads to reduced spatial resolution, both lateral and axial,
compared to conventional confocal microscopy. In some cases, such as when performing ultrafast
imaging with low signal strengths [31], a reduced spatial resolution can be advantageous. In other
cases, however, a reduced resolution can be a drawback. A strategy to improve axial resolution
can involve angularly offsetting the illumination and detection foci [14], akin to confocal theta
microscopy [33]. Here, we present an alternative approach to improve the resolution of multi-z
microscopy, both laterally and axially, by engineering the illumination point spread function
(PSF) with a diffractive optical element (DOE).

A basic principle of multi-z confocal microscopy is to detect signals from multiple focal planes
simultaneously by using multiple axially distributed detection pinholes conjugated to each plane.
In this manner, the first pinhole efficiently collects signal from the deepest plane, the second
pinhole efficiently collects signal from the next deepest plane, and so forth. Fluorescence signals
can be simultaneously generated at each plane with the use of an extended low-NA excitation
focus. Bearing in mind that lateral and axial resolution scale as NA−1 and NA−2 respectively, such
low-NA excitation leads to overall compromised resolution and prescribes the use of relatively
large pinholes for efficient signal collection. The key novelty in our current implementation of
multi-z microscopy is that we replace our single-focus low-NA excitation beam with a multi-focus
high-NA excitation beam. To do this, we use a custom-made DOE specifically designed to split
the illumination into multiple (here 4) foci of roughly equal power, axially aligned to be conjugate
to the multiple detection pinholes (also 4). Because the excitation foci are produced using the
full objective aperture, they are spatially much more confined than in our previous single-focus
implementation, allowing the use of smaller pinholes and significantly increasing resolution both
in the lateral and axial dimensions. We characterize the performance of our new multi-focus
implementation of multi-z microscopy in terms of both resolution and detectability. We also
demonstrate the capabilities of our microscope by performing near video-rate imaging of beating
sarcomeres in engineered cardiac micro tissues and hearts in zebrafish, and in-vivo calcium
dynamics in c. elegans and zebrafish.

2. High-resolution multi-z implementation

2.1. Microscope design

Our microscope configuration is shown in Fig. 1(b). Briefly, it is similar to conventional confocal
microscopy but with variants in both the excitation and the detection optics. We use a diode laser
(Omicron LuxX+ 488 nm, 200 mW) as the excitation source. A custom-made DOE (HOLO-OR
MF-005-R-Y-A) shapes the beam into four foci distributed along the propagation axis with an
average inter-focus distance (△ZDOE) of 1007 µm (Fig. 1(a)). A galvo-resonant scanner (Thorlabs
8 kHz, SK-GR08/M) provides video-rate XY-scanning. The laser beam is expanded and relayed
to overfill the back pupil plane of the objective (Nikon CFI LWD Plan Fluorite Water 16×,
0.8NA) to achieve high-NA illumination. Denoting by Mexc the net de-magnification from the
foci produced by the DOE to the foci within the sample, the inter-focus separation within the
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sample (△Zsample) is thus given by

△Zsample = nM2
exc△ZDOE (1)

where n is the sample refractive index. In our case Mexc = 0.12, leading to simultaneous 4-plane
illumination with △Zsample ≈ 20µm.
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Fig. 1. (a) Schematic of multi-z microscope, with expanded views of (b) multiple foci
(here 4) produced by DOE and (c) resultant multiple foci delivered into sample. L: lens, M:
mirror, DM: dichromatic mirror, SL: scan lens, GR: galvo-resonant scanners, RP: reflective
pinhole, D: detector. Detailed information about components is provided in Supplement
1. Normalized intensity produced by a fluorescent bead when axially scanned through
the imaging planes with (d) a 16× objective (fobj = 12.5mm), and (e) a 20× objective
(fobj = 9mm). Planes 1-4: deepest to shallowest.

The detection optics is essentially the same as in [30] but with smaller pinholes and a different
inter-pinhole separation. The generated fluorescence signal is epi-detected through the same
high-NA objective and de-scanned by the same galvo-resonant scanner. The fluorescence signal
is routed by a dichromatic mirror (Semrock Di01-R488/561) and relayed onto a set of four
reflective pinholes (National Aperture 214-0556 - 150um Round Aperture), axially distributed
so as to be conjugate to the four excitation foci. The distance between the reflective pinholes
(△Zpinhole) is dependent on the magnification Mdet from the object space in the sample to the
image space at the detectors, and is given by

△Zpinhole =
1
n

M2
det△Zsample = M2

detM
2
exc△ZDOE (2)

https://doi.org/10.6084/m9.figshare.22954382
https://doi.org/10.6084/m9.figshare.22954382
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where in our case Mdet = 85.71, leading to △Zpinhole ≈ 110mm.
Four separate SiPM detectors (Hamamatsu S14420-1550MG) with homebuilt preamplifiers

(same as in [31]) are used to simultaneously record the in-focus fluorescence signals transmitted
through the pinholes. The microscope control is performed by Matlab with ScanImage software
[34] and a National Instruments interface (NI PXIe-1073).

2.2. Inter-plane separation adjustment

The use of a fixed DOE in our microscope leads to the constraint that △ZDOE is fixed. In turn,
this prescribes a fixed separation between pinholes as determined by Eq. (2). At first glance,
it might appear that the inter-plane separation within the sample △Zsample must also be fixed,
however this is not quite true. The inter-plane separation can be readily adjusted by swapping in
different objectives into our microscope with different focal lengths. This follows from Eq. (1)
and the fact that Mexc, which is given by

Mexc =
fobj

fL7
×

fSL

fL6
×

fL5
fL4

(3)

scales directly with fobj. It is important to note that changing △Zsample does not require us to
change △Zpinhole. Indeed, from

Mdet =
fL7
fobj

×
fL6
fSL

×
fL9
fL8

(4)

we find that the total magnification from DOE to pinhole is given by

MdetMexc =
fL9
fL8

×
fL5
fL4

(5)

This total magnification is independent of fobj. It is also independent of the immersion index n.
In other words, the microscope pinholes need only be aligned once upon construction, according
to Eqs. (2) and (5). Once aligned, the positioning of the pinholes remains invariant and is
independent of changes in objective or immersion medium, and hence changes in △Zsample.

To demonstrate the flexibility of our microscope, we first imaged an isolated 0.2 µm bead
(Phosphorex, Fluorophorex Polystyrene Microspheres) over a 90 µm axial range using the 16×
objective (fobj = 12.5mm). The signals recorded from the same bead by the four detection
channels reveal that the imaging planes are axially separated by about 20 µm (Fig. 1(d)). We
then used a 20× objective (Olympus XLUMPLFLN Water 20×, 0.9NA, fobj = 9mm) to image
the same bead without any other modifications made to the microscope. The signals from the
same bead revealed that the axial separation between the imaging planes was reduced to about
10 µm, as expected (Fig. 1(e) and Fig. S1 and Visualization 5).

2.3. Resolution and detectability

To evaluate the resolution of our microscope, we imaged isolated 0.2 µm fluorescent beads
over a 200 µm axial range, using the 16× objective. Based on the full-width half maximum
of the measured intensities, the average transverse resolution of the four planes was found to
be δx = 0.50µm and the average axial resolution was found to be δz = 3.6µm (Fig. 2(a)). The
lateral and axial resolution for each plane is shown in Fig. S2. The lateral resolution was roughly
the same for each detection channel. However, since the principal focal plane of the objective is
closer to the second plane, spherical aberration results in a somewhat degraded axial resolution
in other planes (Fig. S2(d)). Such 3D resolution is comparable to that obtained with conventional
confocal microscopy and is easily adequate for resolving transverse structures on the micron
scale.

https://doi.org/10.6084/m9.figshare.22874981
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Fig. 2. Resolution and detectability. (a) Average lateral and axial resolution of the four
planes as measured with 0.2 µm fluorescent bead. Scale bars: horizontal: 0.5 µm, vertical:
5 µm (b) Schematic of excitation beams for conventional confocal, low-NA single-focus, and
high-NA multi-focus multi-z microscopy. Comparisons of theoretical detectabilities in cases
of (c) equal power and (d) equal focus intensity delivered to the sample. Left: transverse
detectability. Middle: axial detectability. Right: 3D detectability.

Another important metric characterizing the performance of a confocal microscope is de-
tectability, which characterizes its ability to detect a fluorescent object in the presence of shot
noise produced by background (auto)fluorescence [35,36]. Detectability comes in three variants:
transverse (Dv) assesses the ability to detect a point object within a planar background; axial (Du)
assesses the ability to detect a planar object within a volume background; 3D (D3D) assesses the
ability to detect a point object within a volume background. These are given by

Dv =
PSFconf (0)√︂∬

ρ
PSFconf (ρ, 0)dρ

(6)
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Du =

∬
ρ

PSFconf (ρ, 0)dρ√︂∫
z

∬
ρ

PSFconf (ρ, z)dρdz
(7)

D3D =
PSFconf (0)√︂∫

z

∬
ρ

PSFconf (ρ, z)dρdz
(8)

We theoretically evaluated these detectabilities for both our previous low-NA single-focus
multi-z microscope with 0.1-NA illumination and our present high-NA multi-focus multi-z
microscope (same 16× objective), and compared these with conventional confocal microscopy.
The excitation beams of the three microscopes are shown in Fig. 2(b). The excitation and emission
wavelengths are 488 nm and 510 nm respectively, and the refractive index of the sample is set to
1.33.

In the case of equal powers delivered to the sample (Fig. 2(c)) it is apparent that, while the
detectability of our new multi-focus multi-z is significantly improved compared to that of our
previous single-focus multi-z, it still falls short of the detectability of a conventional confocal
microscope. The reason for this is clear. While the full power of the excitation beam is delivered
to the focus of a conventional confocal microscope, only a fraction of the power is delivered to
each focus (here about a quarter) in multi-focus multi-z microscopy, leading to reduced signal per
focus. On the other hand, if one re-evaluates detectability for the case of equal focus intensities
(Fig. 2(d)), one finds that the detectability of our multi-focus multi-z recovers to almost the same
level as a conventional confocal microscope. The remaining small discrepancy comes from
crosstalk between our microscope’s axially distributed foci which somewhat reduces contrast.
That is, even though the four foci in our system are as tightly focused as in a conventional confocal
microscope, each detection channel can collect a small fraction of the fluorescence generated
from different foci. Finally, we note, that the optimal pinhole size for our multi-focus multi-z is
roughly the same as that for a conventional confocal microscope, as expected.

3. Methods

3.1. Cardiac micro tissue preparation and imaging

Cardiac micro tissues (CMT) were prepared as described in [37]. In brief, human-induced
pluripotent stem cells (hiPSCs) derived from the PGP1 donor from the Personal Genome Project
with an endogenous green fluorescent protein (GFP) tag on the sarcomere gene TTN [38] were
maintained in mTeSR1 (StemCell) on Natrigel (Fisher) mixed 1:80 in DMEM/F-12 (Fisher).
hiPSCs were differentiated into hiPSC-CMs by small-molecule, monolayer-based manipulation
of the Wnt signaling pathway [39]. Once the cells were beating, hiPSC-derived cardiomyocytes
(CMs) were purified using RPMI no-glucose (Sigma). Selected cells were maintained in RPMI
with 1:50 B-27 Supplement (Fisher) on 10 µg/mL fibronectin (Fisher)-coated plates for over 30
days. hiPSC-CMs and Normal Human Ventricular Cardiac Fibroblasts (NHCF-V) were mixed in
7.5 µL ECM solution, 4 mg/mL human fibrinogen (Sigma), 10% Matrigel (Corning), 1.6 mg/mL
thrombin (Sigma), 5 µL Y-27632 (Tocris), and 33 µg/mL aprotinin (Sigma). The cell-ECM
mixtures were pipetted into the CMT scaffolds [40]. After polymerization for 5 min, growth
media containing high-glucose DMEM (Fisher) supplemented with 10% fetal bovine serum
(Sigma), 1% GlutaMAX (Fisher), 5 µM Y-27632 (Tocris), and 33 µg/mL aprotinin (Sigma) was
added and replaced every other day. Y-27632 was removed two days after seeding. hiPSC-CMTs
were imaged on day 7 after seeding. For imaging, the growth media was removed, and PBS was
added. Samples were imaged in PBS solution at room temperature using the 16× Nikon objective
with an inter-plane separation of 20 µm. An average laser power of 6 mW post objective was
used.



Research Article Vol. 14, No. 6 / 1 Jun 2023 / Biomedical Optics Express 3063

3.2. C. elegans preparation and imaging

A transgenic Caenorhabditis elegans (C. elegans) strain QW1217 (zfIs124[Prgef-1::GCaMP6s];
otIs355[Prab-3::NLS::tagRFP]) that expresses cytoplasmic GCaMP6s was maintained at 20◦C on
nematode growth medium (NGM)-agarose plates coated with Escherichia coli as a food source,
and imaged on day 3 after subculturing. 20 µL 2% agarose (Sigma) was coated on a 25 mm
×25 mm region of a glass slide and let sit at 4 ◦C for 5 min. C. elegans of length about 1 mm were
selected and immobilized on the agarose pad with several drops of a mixture medium of 5 mM
Tetramisole and S-Basal. After the C. elegans were immobilized, a coverslip was three-sided
sealed above, and several drops of the S-Basal were pipetted into the open side of the coverslip
to fill the cavity. Samples were imaged with the 20× Olympus objective with an inter-plane
separation of 10 µm. An average post-objective laser power of 2 mW was used.

3.3. Zebrafish preparation and imaging

For the in-vivo structural imaging of zebrafish, transgenic zebrafish embryos (isl2b:Gal4
UAS:Dendra) expressing GFP were maintained in filtered water from an aquarium at 28.5 ◦C on
a 14 - 10 hr light-dark cycle. Zebrafish larvae at 7 days post-fertilization (dpf) were used for
imaging. The larvae were embedded in 5% low-melting-point agarose (Sigma) in a 55 mm petri
dish. After agarose solidification, the petri dish was filled with filtered water from the aquarium.
Samples were imaged with the 16× Nikon objective with an inter-plane separation of 20 µm. An
average post-objective laser power of 6 mW was used.

For the in vivo calcium imaging of zebrafish brain, transgenic zebrafish larvae (elavl3:H2B-
GCaMP6f) expressing nuclear pan-neuronal GCaMP6f at 6 dpf were used for imaging. Before
imaging, the zebrafish larvae were first selected using a stereo fluorescence microscope. Selected
zebrafish larvae were embedded in 2% low-melting-point agarose. Samples were imaged with
the 16× Nikon objective with an inter-plane separation of 20 µm. An average post-objective laser
power of 15 mW was used.

3.4. Image processing and analysis

For CMT imaging, we manually selected resolved sarcomere band structures in each detection
channel using ImageJ. Data analysis was carried out using custom scripts in Matlab. The
sarcomere bandwidth was measured as the peak-to-peak separation.

For c. elegans imaging, we used the Moco plugin [41] in ImageJ for motion correction
and manually selected neurons that expressed spontaneous activity during the imaging session.
Calcium activity traces were extracted using a custom Matlab script. △F/F0 was calculated as
△F/F0 = (F(t) − F0)/F0, where F0 was the average of the local spatiotemporal background. A
Matlab detrend function with linear fitting was applied to correct for photobleaching.

For zebrafish heartbeat imaging, we measured the heart diameter variations as a function of
time for the deeper two planes (planes 1 and 2), and intensity variations as a function of time
for the shallower two planes (planes 3 and 4). The power spectral density obtained by Fourier
transformation was used to characterize heartbeat rate.

For zebrafish calcium imaging, we used a similar method as described in [32]. We used the
Moco plugin for motion correction in ImageJ. Afterward, we used a constrained non-negative
matrix factorization (CNMF) algorithm [42] in Matlab for neuron identification. △F/F0 was
calculated as △F/F0 = (F(t) − F0)/F0. Finally, we used a customized Matlab script to select
neurons that expressed activity during the imaging session with △F/F0 over 35%.
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4. Results

4.1. Dynamic sarcomere imaging in engineered cardiac tissue

Volumetric imaging and quantitative analysis of beating CMTs are essential for the understanding
of cell development and function in heart tissue [43], but remain challenging owing to difficulties
in monitoring fast motion at sub-micron scales [44].

To demonstrate how high-resolution multi-z microscopy can address this challenge, we
performed sarcomere imaging in spontaneously beating hiSPC-CMTs over a 154× 154 × 60 µm3

volume at 5 Hz for a duration of 10 s (see Visualization 1). Sarcomere band structures were
resolvable in all four imaging planes (Fig. 3(a)). We observed that the orientation and periodicity
of the recorded sarcomere bands were irregular, as expected. We selected a region of interest

Fig. 3. In-vitro imaging of beating engineered cardiac micro tissue. (a) Simultaneous
4-plane images of sarcomeres recorded at two phases of a beat cycle: (top) relaxed, (bottom)
contracted. (b) Corresponding intensity plots across sarcomere structures in dashed windows:
magenta in plane 1, cyan in plane 2, yellow in plane 3, and red in plane 4. Planes 1-4:
deepest to shallowest. Gray traces: superposed plots from each frame. Red traces: mean
intensity plots. Scale bar: 15 µm

https://doi.org/10.6084/m9.figshare.22321144
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(ROI) per imaging plane to characterize the sarcomere structure deformation during beating
(Fig. 3(b)). When relaxed, the sarcomere band periods were 1.74 µm, 1.66 µm, 1.63 µm, and
1.68 µm in the four planes, from the deepest to the shallowest. When beating, the sarcomere
band periods contracted to 1.45 µm, 1.39 µm, 1.51 µm, and 1.38 µm. The sarcomere band
structures became shortened by about 85.5% during cardiac tissue beating, providing a measure
of sarcomere muscle function.

4.2. In-vivo calcium imaging in c. elegans

Understanding the coordinated function of neural circuits is a fundamental goal in neuroscience
and a motivation for the development of microscopes capable of performing high-speed volumetric
imaging. To demonstrate the capability of our microscope to simultaneously record multiple
planes with high optical sectioning capacity, we performed in-vivo calcium imaging in c. elegans.

An entire c. elegans expressing cytoplasmic GCaMP6s, was imaged across three planes
separated by 10µm, within a volume of 563 × 563 × 20 µm3 at 15 Hz for a duration of 4 min
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Fig. 4. In-vivo calcium imaging of c. elegans. (a) Merged temporal max-min projection
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traces of selected neurons. Scale bar: 50 µm
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Fig. 5. Zebrafish heart imaging. (a) Single 4-plane image, with planes separated by 20 µm.
(b) Intensity plots along yellow lines in (a) at times separated by 0.3 s. Top: plane 1. Bottom:
Plane 2. (c) Heartbeat as measured by diameter variations (planes 1 and 2) or intensity
variations within elliptical ROIs shown in (a) (planes 3 and 4). (d) Heartbeat power spectral
density for each plane. Planes 1-4: deepest to shallowest. Scale bar: 15 µm.

(Visualization 2). Figures 4(a,b) are the temporal max-min projections in each plane. The merged
image (Fig. 4(a)) reveals no overlap between planes, and individual neurons are easily resolvable.
We manually identified 22 neurons that were active during the imaging session throughout the
imaging volume. Temporal △F/F0 traces associated with these neurons are shown in Fig. 4(c).
Note that a baby c. elegans is clearly visible, whose neuronal activity could be distinguished
from that of the mother c. elegans (see Visualization 2 and Fig. S3), illustrating the capacity of
our microscope to provide optical sectioning and sub-cellular resolution across multiple depths.

4.3. In-vivo structural imaging in zebrafish

The zebrafish is a commonly used model for the study of developmental biology and neuronal
network activity that offers several advantages for imaging, such as relatively clear tissue and
relatively small brain size. To further demonstrate the versatility of our multi-z microscope, we
performed zebrafish imaging in vivo.

https://doi.org/10.6084/m9.figshare.22321150
https://doi.org/10.6084/m9.figshare.22321150
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Fig. 6. Zebrafish neuronal processes imaging. (a) Brain region. (b) Tail region. Left: single
4-plane image. Right: merged with color corresponding to depth. Planes 1-4: deepest to
shallowest. Scale bar: 15 µm.

To begin, we imaged a zebrafish heart (7 dpf) with four planes separated by 20µm, within a
volume of 154 × 154 × 60 µm3 at 15 Hz for a duration of 1 min (Visualization 3). Figure 5(a)
shows a single 4-plane image, and Fig. 5(b) shows an intensity plot across the heart images
recorded in planes 1 and 2 at different times. The peak separations in this plot are used to infer
the heart diameter as a function of time (Fig. 5(c)). We also monitored the intensity variations in
the ROIs shown for planes 3 and 4 (Fig. 5(c)). The power spectral density of the diameter and
intensity variations are shown in Fig. 5(d), from which we inferred the heartbeat rate obtained
from each plane, which is consistent though phase shifted between planes. The heartbeat rate
was found to be approximately 1.7 Hz.

To highlight the 3D resolution capability of our microscope, we imaged neuronal processes in
different regions of the zebrafish. In both dense regions such as the brain (Fig. 6(a)), and sparse
regions such as the tail (Fig. 6(b)), our microscope was easily able to resolve individual neurons
and axons with high contrast.

4.4. In-vivo calcium imaging in zebrafish brain

We next applied our microscope to in-vivo calcium imaging in the zebrafish brain to demonstrate
its capacity to provide fast, functional imaging over extended volumes.

We imaged the entire brain of a zebrafish (6 dpf) that expressed nuclear GCaMP6f, with four
planes separated by 20µm, within a volume of 768 × 384 × 60 µm3 at 15 Hz for a duration of 5
min (Visualization 4). Figure 7(a) shows the temporal max-min projection for the merged four
channels. Using CNMF, we selected 141, 213, 216, and 204 neurons from the four planes (deepest
to shallowest). No crosstalk is observed between planes owing to the high axial resolution and
the 20 µm inter-plane separation. The identified neurons and temporal △F/F0 traces obtained
from each plane are shown in Fig. S4. Figures 7(b), (c), and (d) show zoomed-in views of
the brainstem, optic tectum-cerebellum, and telencephalon in Fig. 7(a). In the brainstem, we
selected 13, 16, 22, and 16 neurons from each plane; in the optic tectum-cerebellum, we selected
9, 12, 15, and 21 neurons; in the telencephalon, we selected 99, 123, 123, and 73 neurons, from
deepest to shallowest. Note that the number of resolved neurons in each plane is greater than the
selected neurons shown in Fig. 7 because not all neurons expressed spontaneous activity during
the imaging session.

https://doi.org/10.6084/m9.figshare.22321147
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Fig. 7. In-vivo calcium imaging of zebrafish brain. (a) Merged temporal max-min projection
with color corresponding to depth. (b)-(d) Expanded views of the brainstem, optic tectum-
cerebellum, and telencephalon regions indicated by cyan, green, and yellow ROIs in (a)
respectively. Top: max-min projection from separate planes. Bottom: activity of identified
neurons. Planes 1-4: deepest to shallowest. Scale bar: 100 µm.

5. Discussion

In summary, we describe a multi-z microscopy technique that provides multiplane, optically
sectioned imaging over relatively large FOVs with sub-micron resolution. This enabled us to
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image beating sarcomere structures in live hiPSC-CMT samples at 5Hz frame rates, as well as
calcium dynamics in an adult c. elegans and in the entire brain region of a zebrafish larvae, both
at 15Hz frame rates. The key difference between our new microscope compared to its original
implementation [30] is the addition of a DOE in the illumination path that splits the excitation
beam into multiple high-NA foci as opposed to a single low-NA focus. This enabled us to achieve
sub-micron resolution on par with conventional confocal microscopes, but with the advantage that
multiple planes are imaged simultaneously instead of just a single plane. While this improvement
in resolution addresses a primary limitation of our original multi-z implementation, it is noted
that it comes with a price, namely, the excitation power is no longer as efficiently utilized in our
current setup. That is, rather than recycling the same laser power from plane to plane in our
single extended-focus implementation, here roughly only a quarter of the laser power is delivered
to each focus. This means that to achieve the same detectability as a conventional confocal
microscope, the laser power must be increased by roughly a factor of four, and the sample must
be able to tolerate such an increase in power. Of course, intermediate solutions can be easily
envisaged where the illumination beam is split into fewer foci that are only partially extended,
resulting in a compromise between gain in excitation efficiency versus resolution.

Our resolution improvement is not only lateral but also axial, meaning that the gaps between
imaging planes become more pronounced. In the event that filling these gaps becomes desirable,
without loss of resolution, a possible solution involves the use of a fast axial scanner such as an
electrically tunable lens (ETL) [45], a tunable acoustic gradient (TAG) lens [46], a deformable
mirror [4,47], or even a voice coil [48]. The advantage of a multi-z microscope, in this case,
is that the stroke of the scanner need only be a fraction of what is required to fill the entire
volume, leading to a concomitant increase in volume imaging rate. Indeed, the main advantage
of multi-z microscopy is imaging speed. We made no effort in this work to push the speed of our
microscope since we were more focused on resolution; however, we previously demonstrated
the possibility of near-kilohertz multiplane imaging with multi-z microscopy [31], albeit with a
reduced field of view.

We close with a word about the use of a DOE to perform multi-focus imaging. This has
been done before using widefield microscopy, where the DOE is placed in the detection path
[49,50]. It has been done before in scanning microscopes, where, particularly with the advent of
metalens technology [51], the DOE can be used to engineer the excitation focus into essentially
arbitrary patterns [27,52–56]. To our knowledge, ours is the first application where multiple
excitation and detection foci are conjugated, enabling simultaneous multiplane imaging with
all the advantages of confocal imaging, such as high resolution and intrinsic optical sectioning,
without any requirement of computational background removal or image reconstruction. While
the use of a DOE may seem to limit the possibility of interplane separation adjustment, we have
shown that this is not the case with changes in magnification. Indeed, we believe the simplicity
and flexibility of multi-z microscopy, now with the capability of high-resolution imaging, should
make it attractive as a general usage tool for bioimaging.
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